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To determine if fibroblast growth factor signaling mechanisms are required for terminal differentiation and survival of lens
fiber cells, we evaluated the effects of expressing truncated fibroblast growth factor receptors (tFGFRs) in different regions
of the developing lens. Two sets of transgenic mice were generated, one expressing tFGFRs from the aA-crystallin promoter
aA-tFGFR), which expresses linked genes in fiber cells throughout their differentiation program, and the other expressing
tFGFRs from the gF-crystallin promoter (gF-tFGFR), which expresses linked genes beginning later during their differentia-
ion. Histological and TUNEL analyses of lenses from aA-tFGFR and gF-tFGFR transgenic mice suggest that FGFR signaling
s required for both early and late fiber cell differentiation and/or survival of the terminally differentiated cells. Additionally,
ultilayering and increased levels of apoptosis were observed in the anterior epithelium after the onset of fiber cell
bnormalities. In situ hybridizations suggest that tFGFR transgenes were not expressed at significant levels in the
pithelium. Combined with TUNEL and X-gal analyses on the lens epithelium from gF-tFGFR/Rosab-geo26 and
nontransgenic/Rosab-geo26 chimeras, these results suggest that the organization and survival of the epithelial cells depend
n appropriate structure and/or function of the differentiated fiber cells. © 2000 Academic Press
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tINTRODUCTION
The formation and maintenance of a crystalline lens that
is correctly positioned relative to the rest of the optical
system and capable of transmitting light is of critical
importance for vision. Therefore it is likely that the prolif-
eration, differentiation, and survival processes that contrib-
ute to lens formation and maintenance are precisely regu-
lated. Based upon a number of studies in recent years
fibroblast growth factor (FGF) signaling is considered one of
the important regulators of these processes.
FGF signaling is mediated by a number of molecules includ-
ing a large family of structurally related polypeptide growth
factors named FGF 1–19. By binding to cell surface receptors
that have intrinsic tyrosine kinase activity, FGF receptors
1–4, the FGFs regulate many diverse biological activities
including chemotaxis, adhesion, migration, proliferation, dif-
ferentiation, and survival (Szebenyi and Fallon, 1999). In
1 To whom correspondence should be addressed at the Depart-
ment of Anatomy, University of Wisconsin Medical School, 1300
University Avenue, Madison, WI 53706. Fax: (608) 262-7306.mE-mail: aegriep@facstaff.wisc.edu.
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All rights of reproduction in any form reserved.ddition, binding of FGF ligands and FGF receptors (FGFR) to
eparan sulfate proteoglycans (HSPG) may modulate the FGF
igand–receptor interactions and determine which biological
ctivity is predominant (Kan et al., 1996). The HSPGs can
tore FGF ligands and protect them from degradation (Vlo-
avsky et al., 1996), regulate the specific interactions between
GF ligands and the high-affinity FGFRs (Filla et al., 1998),
nd enhance or suppress cellular responsiveness to different
GFs (Bonneh-Barkay et al., 1997). Therefore, by modulating
he FGF ligand–receptor interactions, the HSPGs may deter-
ine which biological activity is predominant. While the FGF
ignaling molecules are found widely distributed in develop-
ng and adult organisms, the individual FGF molecules have
nique spatial and temporal expression patterns within the
eveloping eye and are expressed in a manner that suggests
hey play a role in regulating lens cell differentiation (Cham-
erlain and McAvoy, 1997; de Iongh et al., 1997; Lovicu et al.,
997; Schulz et al., 1997).
The lens is a spherical tissue composed of two major cell
ypes, the undifferentiated epithelial cells and the differen-
iated fiber cells. These cells are arranged in a distinctive
anner, with the highly elongated fiber cells making up the
205
c
M
M
a
s
I
c
M
s
A
F
p
g
p
d
l
r
t
c
r
c
d
e
t
h
s
m
l
a
i
d
I
t
s
c
s
m
s
H
t
t
l
t
d
t
a
a
d
e
b
e
fi
F
1
t
e
b
a
c
c
t
e
m
206 Stolen and Griepbulk of the lens and a single layer of cuboidal epithelial cells
covering the anterior surface. During embryonic develop-
ment and throughout the life of the organism, fiber cells are
added to the lens mass. This occurs through the prolifera-
tion of epithelial cells in the germinative zone anterior to
the lens equator and the withdrawal of epithelial cells from
the cell cycle in the transitional zone posterior to the lens
equator followed by their differentiation into fiber cells.
The fate of the lens cells may be regulated by signaling
molecules that originate from different segments of the eye
and reside in the aqueous and vitreous humors (Coulombre
and Coulombre, 1963; Piatigorsky, 1981). These humors
bathe the lens in different concentrations of growth factors,
such as FGF-1, FGF-2, TGF-b, IGF-I, and IGF-II, and coin-
ide with different lens cell behaviors (Chamberlain and
cAvoy, 1997). The presence of FGF-1 and -2 (de Iongh and
cAvoy, 1992, 1993; Lovicu and McAvoy, 1993; Lovicu et
l., 1997) and multiple isoforms of FGFR-1, -2, and -3 in
pecific patterns (Stolen and Griep, unpublished data; de
ongh et al., 1996, 1997) within the developing lens and the
oncentration of HSPGs in the lens capsule (Lovicu and
cAvoy, 1993; Schulz et al., 1997) further suggest that FGF
ignaling, in particular, may influence lens development.
dditionally, several in vitro experiments that identified
GF-1 and FGF-2 as dose-dependent inducers of lens cell
roliferation, migration, and differentiation have led to the
radient hypothesis (McAvoy et al., 1991). This hypothesis
redicts that the pattern of cellular behavior in the lens is
etermined by an anterior–posterior gradient of FGF stimu-
ation that arises from the distribution of FGF ligands,
eceptors, and other factors that modulate FGF signaling in
he eye (Chamberlain and McAvoy, 1997).
To establish that FGFR signaling is developmentally signifi-
ant in the lens it is essential to test the requirement of these
eceptors in vivo. The importance of this is highlighted by the
omplexity of the in vivo lens cell environment and the
ifferences of this environment with the existing in vitro
xplant systems (Stolen et al., 1997). In experiments in which
he individual signaling molecules have been eliminated by
omologous recombination, insight into the role of FGF
ignaling in lens development has not been forthcoming. Null
utation of the FGF-2 gene by gene targeting (Dono et al.,
1998; Ortega et al., 1998; Zhou et al., 1998) resulted in mice
without detectable ocular defects, suggesting either that this
gene is not important for lens development or that its elimi-
nation can be compensated for by other FGF family members.
Null mutagenesis of FGFR-1 (Deng et al., 1994; Yamaguchi et
al., 1994) and FGFR-2 (Arman et al., 1998; Xu et al., 1998)
genes resulted in embryonic lethality at a stage before their
role in lens development could be assessed. Finally, null
mutagenesis of FGFR-3 (Colvin et al., 1996; Deng et al., 1996)
resulted in mutant mice without detectable ocular defects,
again suggesting either that this gene is not important for lens
development or that its elimination can be compensated for
by other FGFR family members.
The use of dominant-acting transgenic manipulation to
determine the role(s) of FGF signaling in lens development e
Copyright © 2000 by Academic Press. All rightis an alternative to the gene targeting approach. In this
approach, FGF ligands or dominant-negative receptors are
expressed at high levels exclusively in lens by virtue of
lens-specific promoter activity and the effects of these
manipulations on lens differentiation are characterized.
The lens-specific overexpression of many different secreted
FGF ligands (Lovicu and Overbeek, 1998; Robinson et al.,
1998), including FGF-1 (Robinson et al., 1995b), using the
murine aA-crystallin promoter to direct expression to the
ens has demonstrated that the central lens epithelial cells
re competent to respond to FGF signaling by differentiat-
ng. In contrast to FGF-1 though, increased levels of FGF-2
id not induce differentiation of the central epithelial cells.
nstead, high FGF-2 levels inhibited fiber cell differentia-
ion (Stolen et al., 1997). Moreover, overexpression of FGF-2
uppressed apoptosis in lens cells that are predisposed to
ell death as a result of inactivation of the retinoblastoma
usceptibility protein (Stolen et al., 1997). These experi-
ents demonstrate that many different FGF ligands are
ufficient to induce differentiation of lens epithelial cells.
owever, while the lens central epithelial cells are compe-
ent to respond to FGF stimulation in vivo it appears that
he individual FGF ligands may play unique roles in regu-
ating lens cell behavior.
Additional transgenic experiments have been undertaken
o determine if FGF signaling is necessary for fiber cell
ifferentiation. FGFR signaling was inhibited specifically in
he lens by overexpressing truncated FGFRs (tFGFR) with
n aA-crystallin promoter (Chow et al., 1995; Robinson et
l., 1995a). These tFGFRs are predicted to work as
ominant-negative receptors by forming nonfunctional het-
rodimers with all four of the endogenous FGFRs, thus
locking intracellular signaling after ligand binding (Amaya
t al., 1991; Ueno et al., 1992). In these transgenic mice
ber cell differentiation was disrupted, suggesting that
GFR signaling is necessary for this process (Chow et al.,
995; Robinson et al., 1995a). Also, because fiber cells in
he center of the transgenic lens underwent apoptosis, these
xperiments suggested that the more mature fiber cells may
e dependent on FGF signaling for their survival (Chow et
l., 1995; Robinson et al., 1995a). However, because the
aA-crystallin promoter directs transgene expression to lens
cells early in their differentiation process (Nakamura et al.,
1989; Overbeek et al., 1985a), an alternative explanation is
that the apoptosis observed may be a secondary event
resulting from the disruption of earlier stages of fiber cell
differentiation.
To determine if FGFR signaling is required at multiple
stages in fiber cell differentiation and/or survival of the
differentiated cell, we expressed dominant-negative FGFRs
in the lenses of two sets of transgenic mice using aA-
rystallin and gF-crystallin promoters. While the aA-
rystallin promoter directs expression to the lens cells from
he time they begin their differentiation process (Nakamura
t al., 1989; Overbeek et al., 1985), the gF-crystallin pro-
oter directs expression to differentiated fiber cells (Goringt al., 1987; Yu et al., 1990). This difference in specificity of
s of reproduction in any form reserved.
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207Requirements of FGFRs in Lens Cell Differentiationexpression between aA-crystallin and gF-crystallin promot-
rs has allowed us to assess the role of FGFR signaling at the
ifferent stages of lens cell differentiation. We show that
he aA-crystallin and gF-crystallin promoters target a high
evel of transgene expression specifically to the lens and
hat expression from the gF-crystallin promoter is restricted
to a more mature population of lens cells, as expected
(Goring et al., 1987; Yu et al., 1990). Disruption of fiber cell
differentiation and induction of apoptosis was observed in
lenses from both sets of mice. Thus, we demonstrate that
expression of tFGFRs interferes with fiber cell differentia-
tion at multiple stages, suggesting that FGFR signaling is
necessary at multiple stages of fiber cell differentiation
and/or for survival of differentiated cells. Additionally,
multilayering of the epithelium and increased levels of
apoptosis of cells in this layer were observed, suggesting
that differentiated fiber cells are necessary for maintaining
the undifferentiated epithelial cell layer.
MATERIALS AND METHODS
Construction of the Transgene DNAs
The aA-tFGFR transgene (Fig. 1) was generated by polymerase
FIG. 1. Diagram of the FGFR-1-IIIc protein structure and the tFGF
cDNA encodes the entire extracellular domain including three imm
the split tyrosine kinase domain (TK 1, TK 2). From this cDNA
domains was PCR amplified, with primers R-5 and R-7, and cloned d
221-bp fragment derived from human b-globin intervening seq
expression and a 237-bp fragment containing the SV40 polyadenyl
indicates the DNA sequences used for transcription of riboprobes
solation of the transgenes are indicated: SalI (S), KpnI (K), and Ecochain reaction (PCR) amplification of the mouse FGFR-1 cDNA l
Copyright © 2000 by Academic Press. All rightfrom plasmid MMTVFR1/SV (obtained from D. Ornitz, Washing-
ton University School of Medicine) using the BamHI-tailed oligos
R-5 and R-7 (see Table 1 for the sequences of the oligonucleotides).
A translation termination linker (59 TTAGTTAACTAA 39) was
As used for generation of transgenic mice. The mouse FGFR-1-IIIc
globulin-like loops (I, II, IIIc), the transmembrane domain (tm), and
ncated FGFR-1-IIIc ORF (black box) lacking the tyrosine kinase
stream of the aA-crystallin and gF-crystallin promoters along with
e 2 (IVS2) DNA to provide splice signals for efficient transgene
signal (pA) to provide for proper mRNA processing. The gray bar
he in situ hybridization studies. The restriction enzyme sites for
).
TABLE 1
Oligonucleotides Used for Generation and Analysis
of Transgenic Mice
Oligo Sequencea,b
R-3 59 GCGGGATCCGYAAGGTKTACAGCGAT 39
R-4 59 GCGCTCGAGCAGMACDSWCAWCCAYGC 39
R-5 59 GCGGGATCCAACCGCAGAACTGGGATG 39
R-7 59 GCGGGATCCTTAGTTAACTAACAGAGGGAT-
GCTCTTGGCCA 39
gP3 59 GCGCCCGGGGTACACCAGATAAAAGCCT 39
gP5 59 GCGGGATCCGCTGGTGTTGGCAGGTCAGA 39
SVPA-1 59 TTTTCACTGCATTCTAGTTGTGG 39
Note. See Materials and Methods for a description of the purpose
for which each oligonucleotide was used.
a The underlined sequences indicate a restriction enzyme site
dded for cloning purposes.
b The sequence in bold indicates the translation terminationR DN
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208 Stolen and Griepalso incorporated in the tail of oligo R-7. The 1308-bp amplified
fragment was cloned into the unique BamHI site of aIpA-IVS2b
(Stolen et al., 1997). The position and integrity of the transgene
units were analyzed by restriction enzyme and DNA sequence
analyses.
For construction of the gF-tFGFR transgene (Fig. 1), the pgI3
(A. E. Griep, unpublished) expression construct was used. This
construct contained the mouse gF-crystallin promoter sequence
xtending from 2392 to 143 relative to the transcription initiation
ite, a 221-bp fragment containing the human b-globin intervening
sequence 2 (IVS2), and the 237-bp SV40 fragment containing
polyadenylation signals (Stolen et al., 1997). The gF-crystallin
promoter sequence was PCR amplified with XmaI- and BamHI-
tailed oligos, from the pgCAT392 plasmid (Lok et al., 1985). The
1308-bp PCR-amplified FGFR-1 sequence (oligo R-5 and R-7 prod-
uct, see above) was cloned into the unique BamHI site between the
IVS2 and the polyadenylation fragments. Sequencing identified a
G-C to A-T base pair substitution at position 112 of the gF-
crystallin promoter sequence. This base change was not predicted
to affect the spatiotemporal specificity of expression from the
promoter. No other mutations were found.
Generation and Identification of Transgenic Mice
The transgenes (aA-tFGFR and gF-tFGFR) were excised from
their plasmids by restriction enzyme digestion and purified by
agarose gel electrophoresis and electroelution. Restriction enzymes
SalI and KpnI were used for aA-tFGFR excision and SalI and EcoRI
were used for gF-tFGFR excision. Transgenic mice were generated
on the FVB/n inbred genetic background at the University of
Wisconsin Biotechnology Center’s Transgenic Animal Facility
(Hogan, 1994). Each founder transgenic mouse was bred to non-
transgenic FVB/n mice to establish lines. Lines were maintained on
the FVB/n background.
Genomic DNA was prepared from tail biopsies of mice using
Puregene methods (GentraSystems, Inc.). Transgenic mice were
identified by PCR screening with primers SVPA-1 and R-3. SVPA-1
is an antisense primer that hybridizes to the pA sequence of the
transgenes and R-3 is a sense primer that hybridizes to the third
Ig-like domain of the transgene FGFR sequences. This primer pair
specifically amplified a 516-bp fragment from the genomic DNA of
transgenic mice. The amplified fragments were electrophoresed in
agarose gels and visualized by ethidium bromide staining. For
Southern blot analysis, genomic DNAs were digested with selected
restriction enzymes, electrophoresed on 0.8% agarose gels, trans-
ferred to nitrocellulose, and hybridized with [a-32P]dCTP random-
prime-labeled probes. The probe was a 330-bp EcoRI–BamHI frag-
ment from the mouse aA crystallin promoter, isolated from
lasmid aIpA-IVS2a (Stolen et al., 1997). This probe hybridized to
he endogenous aA-crystallin gene as well as to aA-tFGFR trans-
enes. An FGFR-1-specific probe, PCR amplified from plasmid
MTVFGFR1/SV using oligos R-4 and R-5, was also used.
Clinical Evaluation of Murine Eyes
Mouse eyes were examined for ocular abnormalities using a
Kowa SL-2 hand-held slit lamp and an ophthalmoscope. Mice were
physically restrained during the analysis and their eyes were
dilated with 1% tropicamide at least 15 min before evaluation.
Both nontransgenic (10 eyes) and transgenic mice (34 eyes from
eight different tFGFR transgenic lines) were analyzed without the
observers’ prior knowledge of genotype.
Copyright © 2000 by Academic Press. All rightFGFR Western Blot Analysis
Eyes from neonatal mice were dissected into lens and the
remainder of the eye (ROE). Tissue samples from 8 to 20 eyes were
pooled, lysed in RIPA buffer (50 mM Tris, pH 7.4; 150 mM NaCl;
1% Triton X-100; 1% sodium deoxycholate; 0.1% sodium dodecyl
sulfate) containing a cocktail of protease inhibitors (1 mM PMSF; 1
mg/ml leupeptin; 1.4 mg/ml pepstatin; 400 nM aprotinin; 1 mg/ml
TrypsChymotrypsInhib; 1 mM EDTA, pH 8.0; 5 mM EGTA, pH
8.0; 0.02% sodium azide; 10% glycerol; 25 mM Mops, pH 8.0),
sheared through 18- to 27-gauge needles, and centrifuged at 16,000g
t 4°C. The supernatant was recovered and the protein concentra-
ion determined using the BCA protein assay (Pierce). Lysates were
tored at 280°C. The samples were combined with equal volumes
3 SDS loading buffer, boiled, electrophoresed in 8% polyacryl-
mide gels, and electrotransferred to nitrocellulose membranes.
he membranes were blocked for 1.5 h in Blotto–Tween [0.1%
ween 20/5% nonfat dry milk in phosphate-buffered saline (PBS)]
nd then incubated with a rabbit polyclonal anti-FGFR-1 antibody
1/1500; F5421; Sigma) for 1 h at room temperature. The immune
omplexes were detected with a donkey anti-rabbit horseradish
eroxide (HRP)-linked secondary antibody (1/10000; NA 934; Am-
rsham) followed by SuperSignal ULTRA chemiluminescence
Pierce).
Production and X-gal Staining of Aggregation
Chimeras
Day 2.5 embryos (four- to eight-cell morulae) were collected
from (1) superovulated FVB/n mice that were mated to FVB/n,
heterozygous gF-tFGFR line 6013 or line 6048 males on the FVB/n
genetic background and (2) superovulated FVB/n mice that were
mated with Rosab-geo26 males on a C57Bl/6 background. The
onae pellucidae of the embryos were removed with acid Tyrode’s
olution. The denuded embryos were washed in M2 medium and
ransferred to M16 medium (Hogan, 1994). Individual Rosab-geo26
embryos were paired with either FVB/n or gF-tFGFR embryos in
microwells. Pairs were incubated overnight in M16 under paraffin
oil at 37°C in 5% CO2/air, and the resulting blastocysts were
transferred to the uteri of foster mothers and allowed to develop to
birth. Eyes were isolated from neonates and scored for relative
percentage chimerism by visual inspection of the retinal pigment
epithelium (RPE) and for lens phenotype by examination with a
dissecting microscope. The nontransgenic (FVB/n) and gF-tFGFR
(FVB/n) cells of the RPE are unpigmented and the Rosab-geo26
C57Bl/6-FVB/n) RPE cells are pigmented. Eyes were fixed for 1.5 h
n 4% paraformaldehyde, washed three times for 5 min with PBS,
nd transferred to X-gal staining medium containing 5 mM potas-
ium ferricyanide, 5 mM potassium ferrocyanide, 2 mM magne-
ium chloride, 1 mg/ml X-gal, 0.1% sodium deoxycholate, and 0.25
onidet-P40 in PBS (Robinson et al., 1995b). Eyes were incubated
n the X-gal staining medium for 20 h at 4°C followed by incuba-
ion for 24 h at 37°C. Eyes were rinsed with PBS, postfixed in 10%
uffered formalin for 24 h, washed three times with PBS, dehy-
rated in increasing concentrations of ethanol, cleared with isopro-
yl alcohol, embedded in paraffin, and sectioned (5 mm).
Histological Analysis
Heads from embryos (days E13.5, E15.5, and E17.5) and eyes from
neonates of nontransgenic, aA-tFGFR, and gF-tFGFR mice were
s of reproduction in any form reserved.
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209Requirements of FGFRs in Lens Cell Differentiationfixed in 4% paraformaldehyde or 10% buffered formalin over-
night at 4°C, transferred to PBS, dehydrated in increasing con-
centrations of ethanol, and embedded in paraffin. Sections (5
mm) were cut and stained with hematoxylin and eosin and
iewed by light microscopy or used for in situ hybridization and
mmunohistochemical analyses. Embryos were staged by desig-
ating midday on the day of the vaginal plug as day 0.5 in
evelopment. For each transgenic line examined, approximately
00 to 500 sections from 6 to 20 independent eyes were exam-
ned. Additionally, approximately 1100 sections from 76 non-
ransgenic eyes were examined.
In Situ Hybridization
In situ hybridizations were performed as described previously
(Stolen et al., 1997). Briefly, eyes and heads from neonates and day
E17.5, E15.5, and E13.5 embryos of nontransgenic FVB/n, aA-
FGFR lines 27 and 57, and gF-tFGFR lines 6013 and 6048 mice
were fixed, embedded, and sectioned (5 mm). The 247-bp SV40
fragment containing the polyadenylation sequences, cloned in
pBluescript II SK(1) (Stratagene), was used to synthesize sense and
antisense [a-35S]UTP-labeled riboprobes using T7 and T3 poly-
erases, respectively (Boehringer Mannheim). Hybridized sections
ere exposed to Kodak NTB-2 emulsion in the dark for 8 or 12 days
efore developing. After developing, the sections were counter-
tained with toluidine blue, mounted, and viewed under bright-
nd dark-field illumination.
In Situ Detection of Apoptosis
For apoptosis assays, embryonic heads (days E13.5, E15.5, and
E17.5) and eyes (E17.5 and neonates) were fixed, embedded, and
sectioned as described above. The sections then were deparaf-
finized in xylenes, rehydrated through graded ethanols, washed
in PBS, and digested with proteinase K (20 mg/ml for 15 min for
fluorescein detection or 2 mg/ml for 8 min for peroxidase
detection) at room temperature. Sections then were washed and
subjected to TUNEL analysis using ApopTag kits (Oncor) with
modifications to the manufacturer’s instructions (see below). For
each transgenic line examined at least four independent eyes
were examined for each developmental time point. For detection
using fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies, sections were incubated with digoxigenin– dUTP and
terminal deoxytransferase for 1 h at 37°C, followed by incuba-
tion with FITC-conjugated anti-digoxigenin antibody for 1.5 h at
room temperature. Finally sections were counterstained with
0.02 mg/ml propidium iodide for 1 min and examined by fluo-
rescence microscopy. For the peroxidase detection, sections
were first treated with H2O2 (1% for 15 min) to quench endog-
enous peroxidases, followed sequentially by incubation with
digoxigenin– dUTP and terminal deoxytransferase (50% of the
recommended enzyme working strength) for 40 min at 37°C,
then peroxidase-conjugated anti-digoxigenin antibody for 30 min
at room temperature, and finally freshly prepared diaminoben-
zidine for 3 to 4 min at room temperature. Sections were
counterstained with hematoxylin for 30 s, dehydrated, and
visualized by bright-field microscopy. t
Copyright © 2000 by Academic Press. All rightRESULTS
Generation of Transgenic Mice That Express
Dominant-Negative FGF Receptors
Specifically in the Lens
To determine if FGFR signaling is necessary for both lens
fiber cell differentiation and lens fiber cell survival, trans-
genic mice were created with either an aA-crystallin pro-
moter or a gF-crystallin promoter driving expression of
truncated FGFRs to distinct regions of the developing lens
(Fig. 1). Genes linked to the aA-crystallin promoter have
reviously been found expressed prior to or concurrent with
he onset of terminal differentiation, whereas genes linked
o the gF-crystallin promoter have been found expressed
only in the differentiated lens fiber cells (Goring et al.,
1987; Nakamura et al., 1989; Yu et al., 1990). Transgenic
mice were identified by PCR and the results confirmed by
Southern blot analysis, using transgene-specific primers
and probes (see Materials and Methods). Several indepen-
dent lines of transgenic animals were produced with each
transgene, designated aA-tFGFR 04, 27, 32, 57, 62, 64, and
8 and gF-tFGFR 6013, 6016, 6024, 6025, 6026, 6028, 6038,
nd 6048. In one line of aA-tFGFR transgenic mice, line 57,
he transgene appears to have integrated on the Y chromo-
ome because inheritance of the transgene in this line was
imited strictly to male progeny. Both aA-tFGFR and gF-
tFGFR transgenic lines have ocular phenotypes of variable
severity ranging from overt microphthalmia and cataracts
to subtle optical defects detectable by slit-lamp analysis
only (summarized in Table 2). The severity of phenotype
among animals in specific lineages was also found to vary to
a lesser extent.
Transgene Expression Is Targeted to Specific Lens
Cell Populations
To characterize the pattern of transgene expression in the
aA-tFGFR and gF-tFGFR transgenic lines, in situ hybridiza-
ion was performed using an antisense probe specific for the
V40 sequence of the transgenes. In situ analysis was
onducted on embryonic (E13.5, E15.5, and E17.5) and
eonatal tissue sections from nontransgenic and transgenic
ice in aA-tFGFR lines 27 and 57 as well as in gF-tFGFR
lines 6013 and 6048 (Fig. 2 and data not shown). Strong
hybridization of the antisense probe to lens sections from
aA-tFGFR and gF-tFGFR transgenic lines showed that both
aA-crystallin (Figs. 2A and 2D) and gF-crystallin (Figs. 2B,
2E, 2G, and 2H) promoters direct high level expression of
the transgene mRNA exclusively to the ocular lens during
development and that the gF-crystallin promoter directs
xpression of the transgene to a more restricted population
f lens fiber cells than does the aA-crystallin promoter
compare Figs. 2A and 2D to 2B and 2E), consistent with its
ctivation at a later point in differentiation. There was no
etectable transgene expression in the anterior epithelial
ayers of the aA-tFGFR lenses (Figs. 2A and 2D) or gF-
FGFR lenses (Figs. 2B, 2E, 2G, and 2H). No hybridization of
s of reproduction in any form reserved.
s
c
o
l
e
g
t
fi
d
(
l
e
n
t
p
d
l
t
o
t
d
d
m
w
l
c
t
w
f
a
r
210 Stolen and Griepthe antisense riboprobe to nontransgenic lenses (Fig. 2F) or
other tissues in transgenic mice or of sense probes to
transgenic lenses was detected (Fig. 2I). Comparison of in
itu hybridizations to hematoxylin and eosin-stained adja-
ent sections from neonatal gF-tFGFR lenses revealed a loss
f transgene mRNA in regions where cellular integrity was
ost (Figs. 2B and 2C). Thus, as predicted, the transgene
xpression patterns in the aA-tFGFR and gF-tFGFR trans-
enic animals are different in that transcription driven by
he aA-crystallin promoter is detected both early and late in
ber cell differentiation, while transcription driven by the
gF-crystallin promoter is detected only later in fiber cell
differentiation.
Truncated FGF Receptor Protein Expression
To determine if the expected truncated FGFR protein was
present in transgenic lenses, Western blot analysis was
performed on tissue extracts from control and transgenic
neonatal mice. Lysates prepared from the lens and ROE
were electrophoresed in 8% polyacrylamide gels, trans-
ferred to nitrocellulose, probed with an antibody specific for
the extracellular region of FGFR-1, complexed with a HRP-
conjugated secondary antibody, and detected by chemilu-
minescence. In transgenic and nontransgenic lens extracts,
proteins that comigrated with the approximately 110-kDa
recombinant FGFR-1 standard were detected, indicating
that endogenous FGFR-1 protein is present in the lens (Fig.
3). An ;65-kDa band corresponding to the expected mo-
TABLE 2
Transgenic Lines and Phenotypes
Transgene Line Ocular phenotype
aA-tFGFR 04 Subtle optical discontinuitya
27 Cataracts, microphthalmiab
32 Cataracts, microphthalmiab
57 Cataracts, microphthalmiaa,b
62 N.D.
64 N.D.
78 N.D.
gF-tFGFR 6013 Cataracts, microphthalmiaa,b
6016 N.D.
6024 Nuclear cataracts, subtle optical
discontinuitya
6025 Cataracts, subtle optical opacities and
aberrationsa
6026 Subtle optical opacities and aberrationsa
6028 Nuclear cataracts, subtle optical aberrationsa
6038 Nuclear cataracts, subtle optical
discontinuitya
6048 Cataracts, microphthalmiab
Note. N.D., not determined.
a Observed by slit-lamp analysis.
b Observed by visual inspection.lecular mass of the transgenic truncated FGFR protein was p
Copyright © 2000 by Academic Press. All rightetected in lens lysates from aA-tFGFR and gF-tFGFR mice
Fig. 3, lanes 1 and 2), but not in the nontransgenic lens
ysates (Fig. 3, lane 3). These blots show the tFGFR protein
xpressed at a substantially higher level than the endoge-
ous FGFR-1 protein in gF-tFGFR line 6013 lens extracts
(Fig. 3, lane 2), but at a much lower level in aA-tFGFR line
27 lens extracts (Fig. 3, lane 1).
Histological Analysis of Transgenic Lenses
To determine the cellular basis for the ocular phenotypes
observed in the aA-tFGFR and gF-tFGFR mice, microscopic
analysis was performed. Tissue samples from several trans-
genic lines (aA-tFGFR 04, 27, 32, and 57 and gF-tFGFR
6013, 6025, 6028, and 6048) and time points (E13.5, E15.5,
E17.5, neonate, and adult) were collected, embedded in
paraffin, sectioned, and stained with hematoxylin and eo-
sin. Several deviations from the highly ordered structure of
the nontransgenic lenses (Figs. 4A, 4D, and 4G) were
observed in the lenses of the transgenic mice (Figs. 4B, 4C,
4E, 4F, 4H, and 4I).
In the nontransgenic lens a continuous process of cell
growth and differentiation produces concentrically ordered
layers of secondary fiber cells around primary fibers that
reside in the lens nucleus. This differentiation process is
characterized by exit from the cell cycle and several major
changes in cellular structure, including cell elongation,
anterior migration of nuclei, loss of membrane-bound or-
ganelles such as the nucleus, and deposition of cells into the
highly ordered layers. The pattern of growth and differen-
tiation creates a developmental gradient in the lens from
the periphery to the center, with the undifferentiated cuboi-
dal cells covering the anterior surface, the youngest fibers at
the edges in the equatorial region (transitional zone), and
the most mature fiber cells in the center (lens nucleus). In
contrast to the nontransgenic lenses (Figs. 4A, 4D, and 4G),
microscopic analysis of the aA-tFGFR transgenic mice at
he embryonic (Figs. 4E, 4F, and 4H) and neonatal time
oints (Fig. 4B) revealed several types of disruptions in the
ifferentiation process, resulting in small, disorganized
enses. The degree of disruption varied among the different
ransgenic lines and corresponded to the severity of the
vert phenotype (Table 2). Microscopic analysis of an aA-
FGFR transgenic line (04) with the subtle, overt optical
iscontinuities and aberrations failed to reveal obvious
ifferences from the nontransgenic controls. However, in
ore severe lines (27, 32, and 57) several abnormalities
ere noted at the microscopic level. A failure to close the
umen of the lens vesicle was observed, indicating that fiber
ell elongation was incomplete. Nuclei were found scat-
ered, indicating the pattern of nuclear migration and loss
as disrupted. Fiber cells were disorganized, indicating a
ailure of cell layers to be appropriately laid down. In
ddition, there appeared to be death of fiber cells in central
egions of lenses. As early as day E15.5, many vacuoles,
yknotic nuclei, and fragmented nuclei were seen in these
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211Requirements of FGFRs in Lens Cell Differentiationlenses, suggesting that there was activation of cell death
mechanisms in these fibers.
Like the aA-tFGFR transgenic mice, the degree of cellular
disruption varied among the different gF-tFGFR transgenic
ines and corresponded to the severity of the overt pheno-
ype (Table 2). Analysis of the transgenic lines (6025 and
028) with the subtle, overt optical discontinuities and
berrations failed to reveal obvious microscopic differences
rom the nontransgenic controls. Microscopic analysis of
he gF-tFGFR lenses (Figs. 4C and 4I) with severe pheno-
types, however, revealed a disorganization of cells in the
central region of the lens, as well as many vacuoles,
pyknotic nuclei, and fragmented nuclei, suggesting that cell
death had been activated in these cells. In contrast to the
FIG. 2. Lens-specific transcription of transgene mRNAs. Sections
H, I), and nontransgenic (F) mice were used for in situ hybridiza
neonatal (A, B, F, I) and embryonic (E17.5, D, E; E15.5, G; E13.5, H)
sense (I) riboprobes, dipped in emulsion, exposed for 8 (D–F, H) or 1
Adjacent sections from neonatal gF-tFGFR line 6013 were used for
mages, the anterior of the lens is at the top. Arrowhead, anterior
egion where cellular integrity was lost. Bar: 100 mm for A–C, F, Gphenotype of the aA-tFGFR animals, fiber cell structure in t
Copyright © 2000 by Academic Press. All righteripheral regions appeared normal during embryonic
tages and only showed failure to associate with the epithe-
ium once abnormalities in fiber structure and survival
ere detected (see below). This pattern of lens disruption is
onsistent with the transgene expression pattern (Fig. 2).
hus, tFGFR expression was targeted to and affected a more
ifferentiated population of lens cells in the gF-tFGFR mice
han in the aA-tFGFR mice. These observations support the
hypothesis that FGFR signaling is important for the later
stages of lens fiber cell differentiation and/or the survival of
these cells. The comparison suggests that FGFR signaling is
also important for early fiber cell differentiation because
the less restricted expression of tFGFRs in the aA-tFGFR
ice produced effects on differentiation that developmen-
aA-tFGFR line 57 (A), line 27 (D), gF-tFGFR line 6013 (B, C, E, G,
(A, B, D–I) or hematoxylin and eosin staining (C). Sections from
were hybridized with [a-35S]UTP-labeled antisense (A, B, D–H) and
ys (A, B, G, I), processed, and viewed under dark-field microscopy.
tu hybridization (B) and hematoxylin and eosin staining (C). In all
elial cell layer; arrow, transitional zone; f, central fiber cells; star,
0 mm for D, E; and 34 mm for H.from
tion
mice
2 da
in si
epithally preceded the effects seen in the gF-tFGFR lenses.
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212 Stolen and GriepIn addition to changes in fiber cell differentiation, altered
anterior epithelial cell organization was observed. In the
aA-tFGFR (Fig. 4F) and gF-tFGFR (Fig. 4C) transgenic ani-
mals that exhibit a high degree of fiber cell disruption,
multilayering and altered morphology were often observed
in the epithelial cell layer. These changes were unantici-
pated because the promoters used were not expected to
drive a biologically significant level of the tFGFR expres-
sion in the anterior epithelial cell layer (Fig. 2; Robinson et
al., 1995a; Yu et al., 1990). Therefore, this feature of the
transgenic lens phenotypes suggests that there is a non-cell-
autonomous relationship between the epithelial cells and
the fiber cells that is important for maintaining integrity of
the epithelium and this relationship is disrupted by the
expression of tFGFRs in the fiber cells.
Apoptosis in both Fiber and Epithelial Cell
Populations
The appearance of pyknotic nuclei and vacuoles in lenses
from aA-tFGFR and gF-tFGFR transgenic mice suggested
hat expression of tFGFRs led to apoptosis. To explore
urther the possibility that apoptosis was occurring,
FIG. 3. Western blot analysis of FGFR-1 proteins. FGFR-1 control
proteins and cell extracts were probed with an antibody specific for
the extracellular domain of FGFR-1, complexed with a HRP-
conjugated secondary antibody, and detected with SuperSignal
Ultra chemiluminescence (Pierce). Lane 1, 150 mg aA-tFGFR line
27 lens protein lysate (aA-27); lane 2, 150 mg gF-tFGFR line 6013
lens protein lysate (gF-13); lane 3, 150 mg nontransgenic lens
protein lysate (N.T.); lane 4, recombinant FGFR-1 protein extract
(C; 12-112; Upstate Biotechnology). The position of the predomi-
nant endogenous FGFR-1 protein is indicated by the arrowhead and
the position of the transgenic tFGFR protein is indicted by the
arrow. The mobilities of molecular weight standards are indicated
along the right-hand side of the blot (- indicates the leading edge of
the dye band).UNEL analysis was performed on nontransgenic and
Copyright © 2000 by Academic Press. All rightransgenic lens sections. High numbers of TUNEL-positive
uclei were found in both the fiber cell compartments and
he epithelial layers of aA-tFGFR (lines 27, 32, and 57) and
gF-tFGFR (lines 6013 and 6048) transgenic lenses (Figs. 5
and 6). Apoptosis in the central region of aA-tFGFR and
gF-tFGFR lenses was detected as early as day E15.5 (Figs. 5H
and 5I) and preceded the onset of elevated apoptosis in the
epithelium (Figs. 5C, 5F, and 6; Table 3). The number of
apoptotic nuclei was greatest in the epithelial layers of
lenses with the most severe fiber cell defects. To determine
if apoptosis in the epithelium was specific to expression of
tFGFRs in fiber cells or was a general response of epithe-
lium to fiber cell defects, TUNEL analysis of lens sections
from a different transgenic line, aA-E7, was performed. The
aA-E7 lenses show disrupted fiber cell differentiation and
apoptosis because of lost retinoblastoma susceptibility pro-
tein function (Pan and Griep, 1994). TUNEL analysis of
these lens sections also showed a high level of apoptosis in
the anterior epithelium (Fig. 6D). Therefore, histology and
TUNEL analysis showed that defects arise first in the fibers
followed by defects in epithelium, suggesting an interrela-
tionship between the fibers and the epithelium.
To determine if changes in proliferation accompanied the
morphological changes seen in the lenses of aA- and gF-
FGFR mice, bromodeoxyuridine (BrdU) incorporation as-
ays were used to label S-phase nuclei. Preliminary studies
howed similar patterns of proliferation (data not shown).
owever, reduced numbers of BrdU-positive nuclei were
ound in the epithelium of neonatal aA-tFGFR and gF-
tFGFR transgenic lenses compared to the nontransgenic
control lenses, and the epithelium in lenses from aA-tFGFR
nd gF-tFGFR mice appeared to have a reduced number of
ells overall (data not shown). These data are consistent
ith those of Robinson et al. (1995a) and suggest that it is
nlikely that the epithelial and fiber cell defects are due to
ncreased proliferation rates.
Effect of the tFGFR Transgene on Lens Epithelial
Cell Apoptosis in Aggregation Chimeras
It is likely that the defects in the epithelium of the
gF-tFGFR lenses are secondary to fiber defects because
transgene expression was not seen in the epithelium by in
situ hybridization. This also is likely because the histolog-
ical and TUNEL analyses showed defects appearing in fibers
first. However, in situ hybridization may not be sensitive
enough to detect low level expression in the epithelium and
the defects in the epithelium could be unrelated to defects
in the fibers even though they temporally succeed fiber cell
defects. To determine if the defects in the epithelium of the
gF-tFGFR lenses are non-cell-autonomous, aggregation chi-
meras were created. Aggregation pairs were created from
either nontransgenic or gF-tFGFR embryos and Rosab-
geo26 embryos. Because cells derived from Rosab-geo26
embryos express the bacterial b-galactosidase enzyme,
s of reproduction in any form reserved.
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213Requirements of FGFRs in Lens Cell Differentiationwhich produces a blue intracellular precipitate in the pres-
ence of X-gal (Friedrich and Soriano, 1991), they can be
easily differentiated from the cells derived from nontrans-
genic or gF-tFGFR embryos. TUNEL analysis of lens sec-
tions from X-gal-stained gF-tFGFR/Rosab-geo26 aggrega-
tion chimeras revealed a high level of apoptosis in epithelial
cells of both gF-tFGFR and Rosab-geo26 origin (Figs. 7A,
7A9, 7B, and 7B9). For comparison TUNEL analysis of lens
sections from X-gal-stained nontransgenic, Rosab-geo26,
and nontransgenic/Rosab-geo26 aggregation chimeras re-
ealed no increase in apoptosis in epithelial cells of either
ontransgenic or Rosab-geo26 origin (Figs. 7C, 7C9, 7D, and
D9). These results confirm that the epithelial cell apopto-
is in the gF-tFGFR lenses is not the direct result of the
gF-tFGFR transgene and strongly suggest that the epithelial
FIG. 4. Histology of lenses from aA-tFGFR and gF-tFGFR mice. R
the central region of nontransgenic (A, D, G), aA-tFGFR line 57 (B)
32 (H) eyes from day of birth (A–C, F), day E17.5 (D, E), and day E1
e, epithelial cells; sf, secondary fibers; pf, primary fibers; arrowhea
star, lumen of the lens vesicle. Bar, 50 mm (A–E, G–I) and 100 mmcells are dependent on the fiber cells for their survival. t
Copyright © 2000 by Academic Press. All rightDISCUSSION
Previous studies on transgenic mice with tFGFR expres-
sion in the lens driven by aA-crystallin promoters have
shown that FGFR signaling plays a role in normal lens
development (Chow et al., 1995; Robinson et al., 1995a).
These studies described diminished lens fiber cell differen-
tiation and an induction of fiber cell apoptosis. In the
experiments presented here, we have analyzed further the
role FGFRs play in differentiation and lens fiber cell sur-
vival by comparing mice that overexpress tFGFRs from an
aA-crystallin promoter to mice expressing tFGFRs from a
gF-crystallin promoter. Transgenic mice expressing tFGFRs
from a gF-crystallin promoter show defects in fiber cell
ifferentiation and apoptosis in the lens nucleus (i.e., cen-
entative hematoxylin- and eosin-stained paraffin sections through
FGFR line 6013 (C, I), aA-tFGFR line 27 (E, F), and aA-tFGFR line
G–I) are shown. In all images the anterior of the lens is at the top.
tered epithelial cell layer; arrow, pyknotic and fragmented nuclei;epres
, gF-t
5.5 (
d, aler), while transgenic mice expressing tFGFRs from an
s of reproduction in any form reserved.
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214 Stolen and GriepFIG. 5. In situ detection of apoptosis in lenses of aA-tFGFR and gF-tFGFR transgenic mice. Paraffin sections from neonatal (A–C, F), day
E17.5 (D, E), and day E15.5 (G–I) eyes and heads were subjected to fluorescein-TUNEL assay (labels fragmented DNA green) and
counterstained with propidium iodide (stains DNA red). Representative fluorescent micrographs are shown from nontransgenic (A, D, G),
aA-tFGFR line 57 (B), gF-tFGFR line 6013 (C, I), aA-tFGFR line 27 (E, F), and aA-tFGFR line 32 (H) lenses. TUNEL-positive nuclei are green
r yellow (identified by an arrowhead in D), whereas TUNEL-negative nuclei are red. The TUNEL staining in the cortex of the aA-tFGFR
line 57 lens section (B) is not in the elongating fibers but in cellular debris of unknown origins (see Fig. 4B). In all images the anterior of
the lens is at the top. Bar, 50 mm.
IG. 6. In situ detection of apoptosis in the anterior epithelium of neonatal lenses. Paraffin sections from neonatal eyes were subjected
to fluorescein-TUNEL assay (labels fragmented DNA green) and counterstained with propidium iodide (stains DNA red). Representative
fluorescent micrographs are shown from nontransgenic (A), aA-tFGFR line 32 (B), gF-tFGFR line 6013 (C), and aA-E7 line 75a (D) lenses.
UNEL-positive nuclei are green or yellow, whereas TUNEL-negative nuclei are red. In all images the anterior of the lens is at the top. Bar,
0 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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215Requirements of FGFRs in Lens Cell DifferentiationaA-crystallin promoter show defects in fiber cell differen-
tiation in the transitional zone (i.e., periphery) as well as the
lens nucleus. Thus, these data suggest that FGFR signaling
is independently necessary at multiple stages of fiber cell
FIG. 7. In situ detection of apoptosis in the anterior epithelium o
blue precipitate in Rosab-geo26 cells)-stained neonatal eyes were
and counterstained with hematoxylin (stains nuclei purple). Shown
A9, B, B9) and nontransgenic/Rosab-geo26 (C, C9, D, D9) lenses w
osab-geo26 cells to the lens and retina. The gF-tFGFR (clear/purp
nterspersed with Rosab-geo26 (blue) cells. The red arrowheads
arrowheads identify gF-tFGFR-derived, TUNEL-positive nuclei. e,
op. Bar, 50 mm (A–D) and 200 mm (A9–D9).differentiation and/or required for survival of the central r
Copyright © 2000 by Academic Press. All rightbers. In addition, because no evidence for tFGFR expres-
ion in the epithelium was found, the abnormal morphol-
gy and apoptosis of cells in this layer suggest that a
elationship between epithelial and fiber cells was dis-
ses from aggregation chimeras. Paraffin sections from X-gal (forms
ected to peroxidase-TUNEL assay (labels fragmented DNA brown)
UNEL-labeled sections from gF-tFGFR line 6013/Rosab-geo26 (A,
different percentages of chimerism based on the contribution of
, A9, B, B9) and nontransgenic (clear/purple; C, C9, D, D9) cells are
ify Rosab-geo26-derived, TUNEL-positive nuclei, whereas black
pithelium; r, retina. In all images the anterior of the lens is at thef len
subj
are T
ith
le; A
ident
lens eupted by fiber-specific tFGFR expression.
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216 Stolen and GriepExpression of tFGFRs in the Developing Lens
Disrupts Fiber Cell Differentiation at Multiple
Stages and Compromises Their Survival
In previous studies in which tFGFRs were expressed in
lenses using an aA-crystallin promoter, inhibition of fiber
cell differentiation was observed throughout the lens fiber
cell compartment (Chow et al., 1995; Robinson et al.,
1995a). Because expression of the aA crystallin-driven
transgene begins early during the differentiation program of
the fiber cell, it was possible that effects observed on the
later stages of fiber cell differentiation were secondary, a
consequence of inhibition of the early stages of differentia-
tion. Alternatively, it was possible that tFGFR expression
interfered with differentiation at multiple, distinct stages of
the program. To determine if FGFR signaling is essential for
multiple stages of lens development, we compared lens
phenotypes in transgenic mice in which tFGFR expression
had been targeted to distinct regions of the lens with an aA
crystallin and a gF-crystallin promoter (Fig. 2).
In keeping with previous reports (Chow et al., 1995;
obinson et al., 1995a), when tFGFRs were expressed in the
ens using the aA crystallin promoter, inhibition of differ-
entiation was observed throughout the lens fiber cell com-
TABLE 3
TUNEL-Positive Nuclei in the Anterior Epithelium
Genotype Age
0–4
TUNEL-
positive
nucleia
5–9
TUNEL-
positive
nucleia
101
TUNEL-
positive
nucleia
Nontransgenic Neonate 81% (29) 19% (6)
aA-E7 Neonate 100% (10)
gF-tFGFR 6013 Neonate 12% (3) 16% (4) 72% (18)
gF-tFGFR 6048b Neonate 50% (7) 29% (4) 21% (3)
aA-tFGFR 27 Neonate 100% (18)
aA-tFGFR 32 Neonate 33% (1) 66% (2)
aA-tFGFR 57 Neonate 65% (17) 23% (6) 12% (3)
Nontransgenic E17.5 100% (7)
gF-tFGFR 6013 E17.5 44% (4) 56% (5)
aA-tFGFR 27 E17.5 100% (9)
Nontransgenic E15.5 100% (25)
gF-tFGFR 6013 E15.5 100% (26)
aA-tFGFR 27 E15.5 100% (12)
aA-tFGFR 32 E15.5 82% (9) 18% (2)
Nontransgenic E13.5 100% (5)
gF-tFGFR 6013 E13.5 100% (8)
aA-tFGFR 27 E13.5 100% (5)
a Percentage of slides examined with specified number of
UNEL-positive nuclei (number of slides).
b Lens cell differentiation/survival in gF-tFGFR line 6048 lenses
as often so severely disrupted that usable sections could not be
btained. Therefore, the sections from gF-tFGFR line 6048 used in
his assay were selected from individuals with less severe pheno-
ypes.partment, including the transitional zone (Fig. 4). By com-
Copyright © 2000 by Academic Press. All rightarison, in the gF-tFGFR lenses, a severe disorganization of
ber cells was evident in the lens nucleus but not in the
ransitional zone (Fig. 4). Because the expression of tFGFRs
ith the gF-crystallin promoter affected the later stages of
fiber cell differentiation but did not overtly affect the earlier
differentiation events, these data suggest that FGFR signal-
ing is independently required for later stages of fiber cell
differentiation.
For several reasons, we believe that the observed pheno-
type is specific to transgene expression and inhibition of
FGFR function. First, the phenotypes we observed are
specific to lens expression of tFGFRs. Expression of some
transgenes in the lens fails to result in any phenotype
(Goring et al., 1987; Overbeek et al., 1985; Pan and Griep,
1994). Expression of many other transgenes in the lens is
associated with phenotypes distinctly different from the
phenotypes of the tFGFR-1 mice (Pan and Griep, 1994;
Robinson et al., 1995b, 1998; Stolen et al., 1997; Lovicu and
Overbeek, 1998). Although we have not demonstrated di-
rectly that FGFR signaling has been inhibited in the trans-
genic lens, this is likely based on previous studies (Amaya
et al., 1991; McKeehan and Kan, 1994; Ueno et al., 1992)
and the knowledge that FGFs can induce fiber cell differen-
tiation. Additionally, expression of tFGFRs in numerous
tissues in transgenic mice leads to phenotypes consistent
with postulated roles for FGFs in these tissues (Werner et
al., 1993; Peters et al., 1994; Campochiaro et al., 1996;
ackson et al., 1997). Finally, the interpretation that FGFR
ignaling is necessary for multiple stages of lens fiber cell
ifferentiation is consistent with the observation that com-
lete differentiation of lens epithelial cells in the rat ex-
lant system requires the continuous stimulation by FGF or
GF followed by insulin or IGF-1 (Klok et al., 1998).
Surprisingly, we noted effects on fiber cell differentiation
n the aA-tFGFR line 27 transgenic mice in which expres-
sion of the transgene was low relative to the endogenous
level of FGFR-1 (Fig. 3). This is contrary to the predictions
based upon the studies performed in Xenopus oocytes in
which a large excess of tFGFR-1 expression over full-length
FGFR-1 was required to completely block calcium efflux
(Amaya et al., 1991; Ueno et al., 1992). There are at least
two possible explanations for this apparent discrepancy that
are consistent with a requirement for FGFR signaling in
fiber cell differentiation. First, lens cells are known to
express multiple FGF receptors, FGFR-1, -2, and -3, as well
as multiple isoforms of FGFR-2, and these receptors are
expressed in distinct patterns with respect to fiber cell
differentiation (de Iongh et al., 1996, 1997). These patterns
of expression and the results of ligand overexpression stud-
ies (Robinson et al., 1995b; Stolen et al., 1997; Lovicu and
Overbeek, 1998) suggest that FGFR-1 may not be the
relevant receptor for the stages of fiber cell differentiation
that we are targeting. Alternatively, the sensitivity of lens
cell differentiation to disruptions in FGFR signaling might
be much greater than the sensitivity of Xenopus oocytes, as
measured by calcium efflux assays, a very different system.
It is possible that in the lens even partial inhibition of FGFR
s of reproduction in any form reserved.
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217Requirements of FGFRs in Lens Cell Differentiationsignaling, regardless of the specific receptor that is in-
volved, is sufficient to affect lens fiber cell differentiation.
Although we derived some lines of transgenic mice with
high and some with low levels of transgene expression
relative to endogenous FGFR-1 expression that showed
clear inhibition of differentiation, we also derived multiple
lines of transgenic mice that exhibited very mild pheno-
types (Table 2). Additionally, the appearance of observable
phenotypes occurred temporally after transgene expression
had been readily detectable for at least 2 days in embryo-
genesis (Figs. 2 and 4). These data argue that there is a
critical threshold of transgene expression or protein accu-
mulation that must be attained to inhibit lens cell differ-
entiation. However, that threshold may be much lower
than might have been predicted based on previous studies.
When tFGFRs were expressed in the mouse lens using
either the aA-crystallin or the gF-crystallin promoter, fiber
cell apoptosis was found, as judged by the fragmented and
pyknotic nuclei, many vacuoles, and TUNEL labeling of
degraded DNA (Figs. 4, 5, and 6) (Chow et al., 1995;
Robinson et al., 1995a). Because apoptosis was induced in
the central fiber cells of gF-tFGFR lenses in which trans-
ene expression is restricted to the more mature fiber cells,
GFR signaling may be necessary for survival of lens fiber
ells during the later stages of their differentiation program
ndependent of any effects on these cells during the earlier
tages of differentiation. The induction of apoptosis could
e a primary effect, reflecting the inability of lens fibers to
urvive in the absence of FGFR signaling. Alternatively, the
nduction of apoptosis could be a secondary effect, a conse-
uence of the inability of fiber cells in which FGFR signal-
ng has been inhibited to differentiate normally.
It has been proposed that FGFR signaling is the inducing
vent for fiber cell differentiation (Chamberlain and Mc-
voy, 1997). In this regard it is worth noting that the
arliest stages of fiber cell differentiation were not obvi-
usly affected in the aA-tFGFR and gF-tFGFR transgenic
lenses; i.e., cell morphology was similar to that of the
nontransgenic lens cells (Fig. 4) and BrdU labeling indicated
that cells derived from the posterior of the lens vesicle and
the transitional zone exited from the cell cycle (data not
shown). The most likely explanation for this observation is
that the promoters used in this study did not drive a
sufficient level of tFGFR-1 expression to these cells at the
time of induction of differentiation to have any observable
effects on their initiation of differentiation. However, we
cannot discount the possibility that factors other than
FGFR signaling molecules are sufficient for the initiation of
fiber cell differentiation or can compensate for FGFR sig-
naling when it is disrupted.
Thus, a requirement for FGFR signaling in the initiation
of fiber cell differentiation has yet to be demonstrated. Also
unclear at the present time is an identification of the
specific FGF receptors and ligands that are required for
continuation of fiber cell differentiation that we have
identified as being sensitive to tFGFR expression. Based
upon previous studies (Colvin et al., 1996; de Iongh et al., e
Copyright © 2000 by Academic Press. All right1996, 1997; Deng et al., 1994, 1996; Yamaguchi et al., 1994)
it is possible that there are overlapping, or redundant, roles
for FGFR-1 and -3 in fiber cell differentiation at the stages
targeted by the aA- and gF-tFGFR transgenes and it is
ossible that the IIIb isoform of FGFR-2 may be involved in
nitiation of differentiation (de Iongh et al., 1997; Lovicu
nd Overbeek, 1998). However, in vitro the FGFR-2 IIIb
receptor does not bind to several ligands, FGF-5, -8, and -9
(Szebenyi and Fallon, 1999), which are capable of inducing
differentiation when overexpressed in transgenic mice (Lo-
vicu and Overbeek, 1998). This suggests that other iso-
forms, or perhaps heterodimers, might be the relevant
receptors in vivo during lens differentiation or that the
binding affinities of the receptors for the various ligands are
different in vivo than in vitro. The different FGFRs ex-
pressed in the lens have differing affinities for FGF ligands,
implying that individual ligands may be responsible for
distinct aspects of the differentiation program. Consistent
with this notion, overexpression of numerous FGF ligands,
such as FGF-1, -3, -4, -5, -7, -8, and -9, will induce differen-
tiation of cells of the central epithelium (Robinson et al.,
1995b, 1998; Lovicu and Overbeek, 1998), but FGF-2 will
not (Stolen et al., 1997). FGF-2 on the other hand when
overexpressed has a profound inhibitory effect on fiber cell
differentiation (Stolen et al., 1997). Thus, there may be
distinct roles for individual ligand–receptor combinations
and the balance of these factors may be important for
ultimately directing the correct course of fiber cell differ-
entiation.
A Non-Cell-Autonomous Relationship Exists
between Lens Fiber and Epithelial Cells
Disruption of the anterior epithelial cell layer was also
observed in lenses of aA- and gF-tFGFR transgenic mice.
hanges from a single to a multicellular layer, nuclear
ragmentation, and TUNEL labeling were frequently ob-
erved in lenses from tFGFR transgenic neonatal mice with
evere lens phenotypes (Figs. 4B, 4C, 4F, and 6). One
bvious explanation for this phenotype is that the aA- and
gF-crystallin promoters are driving tFGFR expression to
this cell layer and this is directly affecting the epithelial cell
behavior. This explanation, however, is unlikely for several
reasons. First, we did not detect any transgene expression in
the epithelial cell layer of aA- and gF-tFGFR mice by in situ
hybridization with transgene-specific riboprobes (Fig. 2), in
keeping with previous characterization of this promoter’s
specificity of expression (Yu et al., 1990). Second, because
transgene expression in the epithelial cells could be below
the sensitivity of in situ hybridization, a bioassay for
ctivity of tFGFRs was performed with epithelial explants
rom nontransgenic and gF-tFGFR lenses. A difference in
response of epithelial lens cells from nontransgenic and
gF-tFGFR mice to exogenous FGF-2 was not observed (data
not shown). Finally, when aggregation chimeras were cre-
ated from nontransgenic or gF-tFGFR and Rosab-geo26
mbryos apoptosis was found in gF-tFGFR- and in Rosab-
s of reproduction in any form reserved.
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218 Stolen and Griepgeo26-derived epithelial cells of gF-tFGFR/Rosab-geo26
chimeras (Fig. 7). Because this apoptosis was found in the
Rosab-geo26 cells, which do not carry the tFGFR transgene,
he effect of the tFGFR transgene must be non-cell-
utonomous. Therefore, in addition to it being very un-
ikely that tFGFRs are expressed in the epithelium at a high
nough level to affect cell fate, the epithelial cell defects are
ot restricted to cells that carry the transgene.
The more favored hypothesis to explain the abnormali-
ies in the anterior epithelium is that the disruption of this
ell layer is secondary to a disruption of the fiber cells
aused by inhibition of FGFR signaling. This postulate is
upported by the temporal pattern of apoptosis in the
FGFR transgenic mice. Apoptosis in the fiber cell compart-
ent always preceded the multilayering and increased
poptosis in the anterior epithelium. This non-cell-
utonomous effect could be specifically related to changes
nduced in fiber cells when FGFR signaling is inhibited or,
lternatively, could be nonspecific, arising whenever fiber
ell behavior is disrupted by any molecular change. To
etermine which of these explanations is most likely, the
evel of apoptosis in the epithelium was examined in mice
xpressing another transgene, aA-E7, which is unrelated to
FGFR signaling, in the lens fibers. Increased epithelial cell
death was found in the lenses of aA-E7 transgenic mice as
ell (Fig. 6D). Because increased epithelial cell apoptosis
as found in both the tFGFR and the aA-E7 transgenic
ice, it is likely that this phenotype of epithelial cell death
ay be a common response to disrupted fiber cell structure
nd/or function. A low level of apoptosis was also found in
he epithelium of another line of transgenic mice,
aAIgFGF-2, which have disrupted fiber cell differentiation
as a result of FGF-2 overexpression in the lens (Stolen et al.,
1997). In addition, multilayering and abnormal epithelial
morphology have been shown to follow the disruption in
fiber cell formation and survival in mice carrying the
Cataract-Fraser (CatFr ) allele (Zwaan and Williams, 1969).
herefore, we favor the hypothesis that general interference
ith correct fiber cell structure and/or function disrupts a
on-cell-autonomous relationship between fiber and epi-
helial cells that is essential for maintaining correct epithe-
ial structure and cell survival. Additional support for this
ypothesis can be found in a number of previous studies.
he results of freeze–fracture (Goodenough et al., 1980), dye
transfer (Miller and Goodenough, 1986; Rae et al., 1996),
and electronic coupling (Rae and Kuszak, 1983) experi-
ments suggest that a direct connection between the epithe-
lium and the fibers exists. Tracer molecules injected into
the fiber mass of chicken lenses were able to pass into the
epithelium via a low-resistance pathway, while transfer of
dye from the epithelium to the fibers was not detected
(Bassnett et al., 1994). Collectively, these studies suggest
the existence of a selective cell–cell communication path-
way between the fibers and the epithelium that supports
the interrelationship of the two cell groups.
The explanation we offer for the induction of apoptosis in
the epithelium suggests that the epithelium is dependent
Copyright © 2000 by Academic Press. All righton fibers for viability in a positive manner, via either a
direct interaction or a diffusible factor, and that destruction
of the fiber cells disrupts this interaction. However, there
are alternative explanations for this observation. For ex-
ample, our results could suggest that when the fiber cells
degenerate, they release factors that are detrimental for the
survival of the epithelial cells. In this scenario, death of the
epithelial cells would be, therefore, the consequence of
their response to an abnormal environment, rather than
their response to the failure of a normal environment being
maintained. At the present time, we cannot rule out this
alternative possibility.
In this study, we have determined that FGFR signaling is
necessary for both early and late events in fiber cell differ-
entiation and/or for fiber cell survival. The manipulation of
the mouse genome by dominant-acting transgenic ap-
proaches has been a powerful tool for the study of the
molecular regulation of lens development, in particular the
role of FGF stimulation in this process. Continuation of
these experiments with additional promoters that direct a
high level of expression to the epithelial cells may also yield
insight into the role of FGFR signaling in initiating fiber
cell differentiation by comparison to the aA- and gF-tFGFR
ice. However, because the use of dominant-negative re-
eptors is likely to inhibit all FGFRs, such experimental
trategies may not determine which FGFR homodimers or
eterodimers are important for the cellular activities. Thus,
o better discern the role of individual receptors it will be
ecessary to undertake tissue-specific FGFR gene targeting
nd intercrossing experiments to generate mice with one or
ore receptor knockouts. Understanding the role of other
odulators of FGF signaling in the lens, such as HSPGs, is
lso of importance and may be elucidated through addi-
ional transgenic and gene-targeting experiments.
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